The paper describes a new transducer dedicated for evaluation of a duplex stainless steel (DSS). Different phases which exist in DSS have influence on mechanical as well as on electrical properties. Therefore, an eddy current transducer was utilized. In order to achieve high sensitivity, a differential type of the transducer was selected. The performance of the transducer was verified by utilizing the samples which had a different amount of sigma phase.
Introduction
The duplex stainless steel (DSS) has been widely used in various industries, mainly because of good combination of mechanical properties and high corrosion resistance presented in this material [1, 2] . The DSS properties are determined by the presence of two phases in microstructure having very different physical properties: ferrite (δ) and austenite (γ). The austenite presents high electric conductivity and low magnetic permeability, while the ferrite presents low electric conductivity and high magnetic permeability. The best properties of DSS can be achieved when the phases δ and γ are in equal proportions. In many cases production techniques of DSS pipes involve welding operation, which may lead to microstructural changes in the base metal and heat-affected zone (HAZ). Exposition to temperatures ranging from 300
• C to 1000
• C can cause changes of balance of the phases and/or precipitation of deleterious phases. The most harmful of the deleterious phases that can be originated in the material microstructure is sigma (σ) phase. It presents higher than other phases volumetric fraction. Its precipitation causes chromium depletion in the adjacent regions, impairing dramatically mechanical and corrosion properties of the material [1] [2] [3] [4] .
The presence of σ phase also causes changes of the electromagnetic properties of DSS. The ferrite is ferromagnetic while austenite and sigma phase are paramagnetic. Thus, an increase of the sigma phase and the resulting decrease of the ferrite phase volumetric fraction render the material behavior more paramagnetic [5] . This phenomena motivates to use an eddy current testing (ECT) method for the detection of material degradation caused by an increased presence of the sigma phase.
Eddy Current Transducer and Measuring System
In the preliminary experiments various configurations of the transducers were considered and tested. In order to distinguish small differences of the electric parameters, the transducer operating in a differential mode was selected. The transducer presented in this paper was build using an H-shape ferrite core. Such shape of the ferrite allows to achieve higher density of the flux inside the material. Threedimensional model of the transducer and a cross-section view with dimensions is shown in Figure 1 . Photos of the transducer are shown in Figure 2 . The transducer has a single excitation coil and two pickup coils. The main pick-up coil works in the neighborhood of a tested material having different amount of σ phase. In the same time the reference pick-up coil is in the vicinity of the sample without σ phase. The excitation coil is driven by power amplifiers. Pick-up coils of both sections are connected differentially so in the case of testing material without σ phase the measured signal is close to zero. The σ phase presence is causing the nonzero differential output voltage. However, the amplitude of the output voltage is relatively low (a few millivolts). Therefore, a lock-in amplifier that is commonly used to detect and measure very small AC signals [6] was utilized. The block scheme of the measuring system is presented in Figure 3 . The system enables to carry on measurements using testing frequency ranging from 1 kHz up to 100 kHz. The main part of the system is a pick-up signal block where measured signal is extracted and amplified by a programmable lock-in amplifier. Signals generation and acquisition is carried out by multifunction data acquisition (DAQ) board. The DAQ device is controlled via USB interface by an embedded compact computer.
Testing Samples
Six DSS samples (specification UNS 31803) shown in Figure 4 were used to evaluate the proposed transducer. All samples were submitted to a preliminary solution heat treatment (Sol.) with the goal to obtain a balance of approximately 50% between both phases, ferrite (δ) and austenite (γ). The solution heat treatment was conducted at 1120
• C during one hour, followed by water quenching. Five samples received further aging heat treatments (Table 1) which introduced different amounts of sigma phase (σ). The content of sigma phase was evaluated by utilizing scanning electron microscope (SEM) to different selected parts of the samples. To determine the amount of sigma phase, a small sample of DSS is placed into SEM. Fifty images are taken from different regions of the sample. Each image is processed using the commercial software ImagePro, and the phases are counted following the standard ASTM E1245-03. After the analysis of the 50 images, the mean and standard deviation value is extracted. One sample (S01) remained without aging and was used as a reference.
Results of Measurements
All samples were measured in the same way. The transducer was scanned over the sample's surface in two perpendicular directions over the area with dimensions 10 × 30 mm. Due to the large surface roughness, the transducer could not be in direct contact with the test sample, and lift-off had to be set. The impact of surface conditions on the results was verified using sample with only one side polished. Measured signal's parameters obtained for polished side with no lift-off and for unpolished side with lift-off of 0.5 mm were comparable, therefore further measurements were carried out for liftoff of 0.5 mm. During the movement of the transducer, the output signal was measured. Two-dimensional distributions of the signals' amplitude and phase are shown in Figure 5 . The 2-D plots illustrate spatial distribution of the material properties. One can observe that all the samples are not uniform, and the achieved results vary between measuring points. This can be explained by the fact that the contents of sigma phase vary in the tested area of samples, even taking upon consideration the areas of a few square μm, which is much less than the dimensions of the transducer.
The scale of changes of the amount of sigma phase in samples was evaluated by the SEM technique. The standard deviation of the percentage of sigma phase obtained for different samples was reaching values even between 0.5% and 1%. Considering this, proper evaluation and then drawing a distinction between samples comprising a similar amount of sigma phase can be hard to achieve. That is confirmed by the results obtained for S19 (3.05%) and S18 (3.2%). Therefore, in order to maximize the possibility of proper evaluation of sigma phase, the results achieved in all measured points were averaged for each sample. In order to compare results, common plots in a complex plane are provided ( Figure 6 ). The distribution of the measured values presented in Figure 6 (a) proves that the samples with different amount of the sigma phase (σ) can be easily distinguished. The plot of averaged values (Figure 6(b) ) shows that there is a linear Journal of Sensors dependence between the imaginary and real part of the measured signal in the case of different content of sigma phase (σ). Similar relationship was observed in [7] . Some aspects of that relationship can be explained by the fact that sigma phase (σ) is nonmagnetic, and if its amount is growing, material is getting less magnetic which results in lower coil inductance. However, the relationship between the phases and its impact on measured signal is not straightforward and has to be further investigated. The performance of the method and the transducer was verified by utilizing DSS sample with a weld. The results of measurements obtained for selected area of the sample are presented in Figure 7 . In order to emphasize the impact of changes of the material properties for measured signal, a gradient filtration in x direction was carried out. One can observe that the changes of the material properties are clearly visible.
Conclusions
Presented results confirm that the proposed transducer and the whole system can be successfully used for evaluation of DSS and detection of sigma phase presence. The nearly linear dependence of the output signal on the amount of sigma phase creates opportunity of an adequate quantitative evaluation. Further works on the improvement of spatial resolution are necessary. High resolution is important especially in the case of the welds testing, where HAZ has a few mm. It is also necessary to calibrate the system with bigger amount of samples in order to achieve better repeatability of the evaluation results.
